Introduction

Materials and Methods
120
Culture of radish sprouts 121 Murashige and Skoog (MS) culture medium (Murashige and Skoog, 1962) was used for 122 radish sprout growth. The concentration of chelating ligands in the medium was 10 -3 M. After 123 adjusting to pH 10 using 0.1 M NaOH, the medium was sterilized by high-pressure 124 sterilization in an autoclave (120ºC, 30 min) and UV irradiation. Before the agar hardened, 4 125 mL of the medium (25 mm depth) was dispensed into a 14-mL sterilized polystyrene tube.
126
Radish seeds were collected from a local market and stored at 4˚C until use in the 127 experiment. The seeds were sterilized in a solution of 0.25% NaClO and 25 µM Tween20 for 2 128 minutes, and then rinsed 5 times with 5 mL of deionized water (EPW) using an E-pure system 129 (Barnstead). Germinating seeds were planted in the agar medium and cultured for a week in a 130 20ºC growth chamber with 180 µM photon m -2 s -1 light intensity from cool white fluorescent and again with 5 mL of EPW. Samples used to determine total iron (corresponding to intra-and extracellular iron) were rinsed with 5 mL of EPW. Both types of samples, in which 55 Fe(III) 139 was retained as a tracer, were directly added to 5 mL of liquid scintillation solution (3.0 g of 2-
140
(4-tert-butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadiazole per 500 mL toluene) in 20 mL vials.
141
The radiochemical activity of 55 Fe(III) was measured using a liquid scintillation counter 6101, Aloka, Japan) in tritium mode. prepared with purified water (EPW) using an E-pure system (Barnstead).
170
Results
172
Iron movement in the growth medium
173
Radish sprouts were grown in 2-layered culture medium to investigate the effect of movement from the Fe-rich bottom layer to the Fe-free upper layer of the Medium (Fig. 3) .
181
To investigate the pattern of Fe movement, a Fe gradient was created across two layers 
After the addition of chelating ligands, most of the FeL was expected to be in the 211 dissolved form, and the existence of Fe in the insoluble form ([FeL] proportional to the concentration of dissolved fractions:
The dissolution of Fe in the medium depended on the conditional stability constant of (4), (5), (6), and (7): 
Furthermore, the transfer coefficient of dissolved Fe from B 1 to B 2 can be calculated 228 from the following equation derived from equation (1a):
Where,
In addition, the coefficient (Q/F) of Fe movement from B 1 to B 2 in the medium can be defined and the results are presented in Table 1 and Fig. 4 .
243
Iron concentrations in B 4 for all ligands and the control treatment were lower than those 244 in B 3 (Fig. 3) . This might be attributable to the adsorption of additional Fe on the bottom wall 245 of the test tubes. All sections of the test tubes had a common surrounding wall, while B 4 had a bottom wall in addition to the surrounding wall. Therefore, some of the Fe in B 4 could have 247 adsorbed on this additional surface, resulting in the inconsistent apparent movement of Fe from 248 B 4 to B 3 (Q t1 /F) compared to the movement from B 3 to B 2 (Q t2 /F) and B 2 to B 1 (Q t3 /F) ( Table   249 1). In contrast, the Q t2 /F and Q t3 /F showed a unique and consistent pattern. While the Q t3 /F was 250 higher than the Q t2 /F in growth medium that lacked chelating ligand, this outcome was 251 reversed in the ligand-treated samples (Fig. 4) : the Q t2 /F was significantly higher than the Q t3 /F was observed with few exceptions (Fig. 4) . The coefficients of Fe movement by chelating tissues. The heights of the radish sprouts increased with higher tissue Fe concentrations (Fig. 5) .
265
The Fe concentration in the tissues of the radish sprouts was dependant on the chelating rhizosphere soils and assisted the uptake of Fe in plants.
310
The movement of Fe in the growth medium is was dependent upon the type of 311 chelating ligands as well as the pH of the medium. Fe movement was several times higher at 312 pH 6 than at pH 10 (Fig. 2) . The stability constant of the Fe-complexing chelating ligands was the deeper rhizosphere to the shallow rhizosphere as a result of its increased bioavailability.
317
Results indicate an apparent movement of Fe from B 3 to B 2 due to the addition of 318 chelating ligands. Some of the Fe also moved from B 2 to box 1 (B 1 ), the topmost layer of the 319 medium, which initially had no Fe. These results demonstrate that the increase in Fe 320 bioavailability and uptake by chelating ligands is useful not only for desorption and/or 321 solubilization of Fe oxides (Lucena, 2003; Schwertmann, 1991) but also for movement of Fe 322 from a higher concentration area to a lower concentration area within growth Medium.
323
Compared to the control, the highest amount of total Fe moved from the bottom layers (B 4 and 325 B 3 ) to the upper layers (B 2 and B 1 ) was achieved using EDDS and HIDS, followed by GLDA,
326
EDTA, MGDA, and IDS (Fig. 3) . Both EDDS and HIDS are more biodegradable than EDTA 
